Background. With wild poliovirus nearing eradication, preventing circulating vaccine-derived poliovirus (cVDPV) by understanding oral polio vaccine (OPV) community circulation is increasingly important. Mexico, where OPV is given only during biannual national immunization weeks (NIWs) but where children receive inactivated polio vaccine (IPV) as part of their primary regimen, provides a natural setting to study OPV community circulation.
Global wild poliovirus eradication may soon be achieved. Since 1988, when the World Health Organization proposed a plan to eradicate poliomyelitis, the number of reported annual global cases has dropped from 350 000 to 223 in 2012 [1] . Only 3 countries remain endemic with uninterrupted transmission, and wild poliovirus serotype 2 has been eradicated for over a decade. The primary tool in the global eradication campaign has been oral polio vaccine (OPV), an inexpensive live attenuated vaccine that is easy to administer and promotes community immunity by spread from vaccinated children to community contacts through the fecal-oral route. However, despite its efficacy, OPV carries risks that will complicate the eradication effort.
OPV consists of RNA viruses that can mutate during replication into forms capable of causing paralytic disease. Because about one out of 500 000 vaccinees develop vaccine-associated paralytic poliomyelitis (VAPP) from their first OPV dose, the United States has only used the more expensive inactivated polio vaccine (IPV), a killed virus vaccine that cannot cause poliomyelitis, since 2000 [2, 3] . Of more concern, with prolonged replication of typically more than one year, the viruses in OPV can mutate into vaccine-derived polioviruses (VDPV), which are 1%-15% divergent from parent OPV strains (0.6%-15% for serotype 2) [4] . VDPV can develop after persistent OPV virus replication in the intestinal tracts of individuals with primary humoral immunodeficiencies (iVDPV; 65 cases identified to date) or from continued person-to-person circulation in undervaccinated communities (cVDPV) [4] . From 2000 until September 2013, 23 separate cVDPV outbreaks in 20 different countries have been identified [5] . The one study, conducted in Nigeria, which compared outbreaks of cVDPV and wild poliovirus, suggests that cVDPV outbreaks have an attack rate and disease severity similar to outbreaks from wild poliovirus [6] .
Because of the risks of poliomyelitis due to OPV, one of the components of the new "Polio Eradication and Endgame Strategic Plan 2013-2018" includes initiating at least 1 dose of IPV for children in countries that currently only use OPV and then phasing out OPV, starting by transitioning from trivalent OPV to bivalent OPV, which contains only serotypes 1 and 3 [7] . Unknown factors that could affect this new plan include the duration and pattern of OPV-derived virus circulation in a community vaccinated with IPV. To help fill those knowledge gaps, we conducted a study looking at the circulation patterns of OPV and OPV-derived strains in Mexico, a country that introduced IPV into its regular childhood vaccination schedule in 2007 but continues to give OPV twice a year during national immunization weeks (NIW).
MATERIALS AND METHODS

Study Design and Population
This was a prospective, longitudinal, observational study in 2 urban municipalities (Orizaba and Rio Blanco) and 2 rural municipalities (Rafael Delgado and Tlilapan) in Veracruz, Mexico, with a total population of 183 855 inhabitants. Of these, 14 573 (7.9%) were 5 years old or younger at the time of the study [8] . IPV, as a component of a pentavalent vaccine, has been given to children in Mexico at 2, 4, 6, and 18 months as part of the routine childhood immunization schedule since August of 2007. In addition, children 5 years old or younger who have received at least 2 doses of IPV are offered trivalent OPV during biannual national immunization weeks. Around the study period, there was 1 NIW 3 months before study enrollment (29 May to 4 June 2010), 1 NIW about 6 months after enrollment (15 to 19 February 2011) , and 1 NIW about 9 months after enrollment (28 May to 3 June 2011). The study protocol was approved by the Ethics, Biosafety, and Research Committees of the Mexican National Institute of Public Health, by the Public Health Center of Orizaba, Veracruz, Mexico, by the Stanford University Institutional Review Board, and by the Eastern Virginia Medical School (EVMS) Institutional Review Board.
For this observational study, 72 children from distinct households plus 2 household contacts per child, evenly distributed between the 4 municipalities, were enrolled between 25 August and 22 September 2010. Inclusion criteria for the enrolled children included age ≤30 months and having received or planning on receiving IPV as their primary polio vaccination regimen. Exclusion criteria for the enrolled children included international travel in the last 8 months, a household contact already enrolled in the study, an unknown vaccination history, or no household contacts willing to provide monthly stool samples. Household contacts could be any age and have any vaccination history but had to reside in the same household as the enrolled child; each household was allowed to choose which 2 household contacts would participate. The study was advertised at local health clinics, and families who expressed an interest in participating were referred to the study team. The first 18 children from each municipality who were referred to the study team and who fit the inclusion and exclusion criteria were enrolled in the study.
After written informed consent was obtained from the parents and the household contacts (or the parents of the household contacts if children), participation included monthly study visits over the 12-month study period. At each visit, stool was collected from the enrolled child and the 2 household contacts, and questionnaires were completed that included details on health, vaccinations, travel, and demographics. Vaccination history for children was confirmed by checking immunization cards; immunization cards were not usually available for adult household contacts, although, per Mexican vaccination policy, none of them should have been vaccinated against polio since they were young children. Of note, given the timing of the national immunization weeks, monthly stool collections corresponded to 3, 4, 5, 6, 7, and 8 months after the May 2010 NIW, 0.5, 1.5, and 2.5 months after the February 2011 NIW, and 0.5, 1.5, and 2.5 months after the May 2011 NIW.
Sewage was also collected from 4 arroyos (creeks) draining sewage from each of the 4 municipalities at monthly intervals; the analysis of the sewage has already been published elsewhere [9] .
Stool Sample Analysis
On the day of collection, stool samples were kept in a cooler until brought to the lab, aliquoted into cryovials, and placed in a −80°C freezer. Samples were stored at −80°C except when shipped on dry ice to Dr Maldonado's laboratory at Stanford, and when a portion of the samples were later shipped on dry ice to Dr Troy's laboratory at EVMS. At Stanford and EVMS, stool underwent RNA extraction, reverse transcription, and real-time polymerase chain reaction (PCR) to look for vaccine poliovirus serotypes-1, 2, and 3 and their revertant forms according to previously published methods with the following exception [10] . At EVMS, a 96 well ABI PRISM 7700 Real Time PCR Instrument was used (Applied Biosystems, Foster City, CA), with a threshold of 0.099 ΔRn for detecting fluorescence. In total, 53 samples were analyzed in duplicate at both Stanford and EVMS to confirm consistency of results between the 2 laboratories.
Categorization of Method of OPV Acquisition
OPV strains detected in stool were assumed to result from direct vaccination if the subject had received OPV in the prior month or had been continuously shedding the same serotype since last receiving OPV. In the one case where the subject had received OPV in an NIW, had a negative stool sample 1 day later, and had a positive stool sample the next month, the OPV strains in the positive sample were also assumed to be a result of direct vaccination (as 1 day would likely be too short for OPV to travel to the stool). Detected OPV strains were assumed to come from community acquisition if subjects had not received OPV in the prior NIW, had received OPV in the prior NIW but had a negative stool sample between the NIW and the positive sample that was taken ≥2 days after the NIW, or were shedding at enrollment (which occurred 3 months after the prior NIW; the longest persistent shedding in the study, seen in 2 of the 216 subjects, was through 2.5 months after an NIW).
Among the community-acquired OPV strains detected from household contacts, household transmission was assumed if the OPV strain correlated with the same serotype shed that month or the prior month by either the enrolled child or the other household contact. In the few examples where 2 household contacts shed in the same month without the enrolled child shedding that month or the prior month, only 1 of the 2 samples was counted as household transmission.
Statistical Analysis
Categorical data were compared using a 2-tailed Fisher exact test. A P value of ≤ .05 was considered statistically significant. Analysis was performed in SAS 9.1 (Cary, NC).
RESULTS
We enrolled 216 subjects (72 children and 144 of their household contacts). One child and 2 household contacts withdrew in month 3, and 2 children and 4 household contacts withdrew in month 5, so that 207 subjects completed the study. We analyzed all 2511 stool samples collected, of which 10 were removed from the final analysis (8 because the stool sample was collected too close to another stool sample from the same subject, and 2 because the samples were mislabeled), for 2501 samples included in the final analysis. The demographics of our study subjects are described in Table 1 .
Overall, 6% (142/2501) of the stool samples contained detectable OPV strains. This consisted of 35% (51/145) of stool samples containing OPV from subjects vaccinated with OPV in the prior month, and 4% (91/2356) of stool samples containing OPV from subjects not vaccinated with OPV in the prior month. OPV strain detection was highest immediately after an NIW and continued through 6 months after an NIW in the enrolled children and 7 months after an NIW in the household contacts, but was not detected 8 months after an NIW (Figure 1 ). The 3 serotypes of OPV were detected in similar percentages immediately after an NIW (Figure 2 ). However, serotype 2 was detected for 3 months longer than serotypes 1 and 3 and at significantly higher rates compared to serotype 1 at 1.5, 2.5, 3, and 4 months and compared to serotype 3 at 2.5 and 4 months after the NIW (P < .02 for all significant comparisons). For all serotypes, nonrevertant OPV strains (not containing the point mutation in the 5′ untranslated region associated with VAPP) were primarily only seen in the month after the NIW, and OPV strains detected after 1 month were predominantly revertant (containing the serotype-specific point mutation in the 5′ untranslated region associated with VAPP). In order to determine if the prevalence of the 3 OPV serotypes differed by method of OPV acquisition, we divided the 142 positive stool samples into 2 groups as described in the methods section: the direct vaccination group, in which the OPV strain was likely acquired as a result of direct vaccination, and the community-acquired group, in which the OPV strain was likely acquired from someone shedding OPV in the community (Figure 3) . Although direct vaccination resulted in shedding of similar proportions of the 3 serotypes, community-acquired OPV strains were significantly more likely to be serotype 2 (P < .0001; Figure 4 , Table 2 ). Multiple serotypes in the same sample were significantly more likely to be detected as a result of direct vaccination than of community acquisition (P < .0001; Table 2 ). There was no association identified between mode of OPV acquisition (direct vaccination vs community acquisition) and high vs low PCR cycle threshold number (data not shown), a measure inversely related to OPV virus concentration in the stool [11] .
Overall, 56 (58%) of the 97 positive samples from enrolled children were attributed to direct vaccination, whereas 41 (42%) were attributed to community acquisition. In contrast, 8 (18%) of the 45 positive samples from household contacts were attributed to direct vaccination, whereas 37 (82%) were attributed to community acquisition. Using the definition of household transmission described in the methods section, 25 of the 37 (68%) community acquired OPV viruses isolated from household contacts could be attributed to household transmission.
Shedding of the same OPV serotype by the same subject for more than 1 month was seen in 18 subjects: in 2 subjects for 3 consecutive time points immediately following direct vaccination, and in 16 subjects for 2 consecutive time points (in 9 subjects immediately after direct vaccination, and in 7 from community acquisition). Among those shedding for more than 1 month, 9 subjects shed serotype 2, 8 subjects shed serotype 3, and 1 subject shed both serotype 2 and 3 for 2 consecutive time points. No shedding was seen for more than 3 consecutive time points.
DISCUSSION
We present the results of real-time PCR analysis of 2501 stool samples, collected monthly in Mexico over a 1-year period from 72 young children and 144 of their household contacts, to determine the circulation patterns of OPV strains after national immunization weeks in a community where infants are now primarily vaccinated with IPV. OPV was detected up to 6 months after an NIW in the enrolled children and up to 7 months in their household contacts but was not detected at 8 months in either group. Although slightly longer than the 3-4 months reported in similar studies in New Zealand and Cuba, this is consistent with our previously reported sewage analysis from the same study and suggests that community OPV circulation may cease by 8 months after an NIW [9, 12, 13] . All 3 OPV serotypes were shed early by vaccinated children in roughly equivalent proportions, but over 85% of the community-acquired OPV among both children and adults was serotype 2, and serotype 2 circulated longer and at higher rates in the community after an NIW than serotypes 1 and 3. This suggests that serotype 2 is more transmissible than serotypes 1 and 3 in the Mexican community we studied and could be, in part, why >85% of cVDPV isolated from global outbreaks to date have been serotype 2 [5] .
The increased fitness of serotype 2 compared to serotypes 1 and 3 has been known since OPV was first developed and is the reason behind the subsequent formulation changes in trivalent OPV [14] . Serotype 2 was reported to be more transmissible compared to the other serotypes in studies from Russia and the United States conducted between 1957 and 1960, which examined shedding in household contacts of recipients of older formulations of trivalent OPV [15] [16] [17] . Very early studies also showed that when the 3 serotypes were given together in equal amounts, serotype 2 was shed more than the other serotypes, and seroconversion was higher for serotype 2 than the other serotypes among vaccinees [18] . As a consequence, the formulation of trivalent OPV was "balanced" so that the ratio of serotypes 1, 2, and 3 was 10:1:3 in around 1963, and the minimum concentration of serotype 3 was further increased by recommendation of the World Health Organization Global Advisory Group in the early 1990s.
There have been limited studies on community circulation of OPV in the past several decades, especially since the introduction of newer vaccine formulations and the inclusion of IPV-vaccinated populations in developing settings. An American The 95% confidence intervals of each proportion were calculated using the modified Wald method. Of note, 30 samples contained multiple serotypes, so the percentages do not add up to 100%. study in 1990, 11 years after the last case of wild poliovirus in the United States, suggested that administration of the 10:1:3 formulation may still result in increased transmissibility of serotype 2 compared to the other serotypes [19] . This study investigated immunity to each serotype among unvaccinated inner-city children in Houston and Detroit and found immunity to serotype 2 to be significantly higher than to the other 2 serotypes, presumably from increased secondary spread of that serotype from vaccinees. Sewage analyses conducted in New Zealand and Switzerland, after those countries switched to using IPV exclusively for routine infant immunization, also show a predominance of serotype 2 (13 serotype 2 strains vs 3 serotype 1 and 4 serotype 3 in Switzerland, and 36 serotype 2 vs 9 serotype 1 and 26 serotype 3 in New Zealand) [13, 20] , similar to what we reported in our sewage analysis as well as in this analysis of shedding in household contacts [9] . However, sewage analyses from Cuba (where OPV is used exclusively), Argentina (in a province in which 3 of the 4 towns sampled exclusively used OPV and the fourth used both IPV and OPV), and in South Africa and Italy when those countries exclusively used OPV showed no predominance of serotype 2 [12, [21] [22] [23] . Given that IPV is known to confer inferior intestinal immunity than OPV [24] , it is possible that serotype 2 exhibits higher levels of community circulation in communities that are either undervaccinated or primarily vaccinated with IPV but not in communities primarily vaccinated with OPV. However, direct comparisons of OPV and IPV regimens have not been conducted in contiguous regions or in those with similar sociodemographic conditions.
Our study also showed that two-thirds of OPV detected in stools of household contacts who were not shedding as a result of direct vaccination were likely attributable to acquisition from someone living in the same household. This was probably an underestimate, as we did not sample everyone living in each household, and we only collected stool samples once each month.
Our study has some limitations. Although we estimated how each subject acquired their OPV strain through their vaccination history and used a strict definition of direct vaccination vs community acquired shedding, we cannot know with 100% certainty that our estimations are correct, and we may have misclassified how some of the strains were acquired. However, we repeated the analysis with more stringent criteria, excluding samples from the community acquisition grouping from all children who had received OPV in the prior NIW and who may have had intermittent shedding from direct vaccination, with similar results (Supplementary Table 3 ). Second, our PCR assay is more sensitive for serotype 2 than for serotypes 1 and 3 [11] . However, this would not explain why we saw similar amounts of each serotype immediately after vaccination, and an overwhelming predominance of serotype 2 in subjects shedding due to community acquisition. Furthermore, the concentration of virus in samples containing OPV strains due to direct vaccination vs those due to community acquisition were not significantly different, as measured by the PCR cycle threshold numbers. Consequently, we believe the differential circulation patterns of the 3 serotypes that we report is likely to be real and not an artifact of our assay. Third, as women were more willing to participate as household contacts in this community, 69% of the participating household contacts were female. As women are also more likely to come into contact with their children's feces through changing diapers and household cleaning, this may have increased the proportion Abbreviation: OPV, oral polio vaccine. a 95% confidence interval for a proportion calculated using the modified Wald method.
* Fisher exact test for differences between shedding from direct vaccination vs community acquisition.
of household contacts found to be shedding OPV. Finally, the most robust method to identify chains of OPV transmission would be to sequence the OPV isolates we detected in order to determine genetic linkage; this project is currently underway. In summary, we found that OPV strains continue to circulate for 7 months after an NIW in a Mexican community where infants are now primarily vaccinated with IPV, but no OPV strains were detected at 8 months, suggesting circulation may have ceased. Although all 3 serotypes are shed early by vaccinated children in roughly equivalent amounts, children and adults who likely acquired OPV through community spread predominantly shed serotype 2, and serotype 2 circulates longer and at a higher rate after an NIW than serotypes 1 and 3 in this same community. This suggests that serotype 2 is more transmissible after trivalent OPV administration in a community primarily vaccinated with IPV and could be part of the reason why the vast majority of isolated cVDPV has been serotype 2. These results support transitioning from trivalent to bivalent OPV after introduction of at least 1 dose of IPV globally, as proposed in the "Polio Eradication and Endgame Strategic Plan 2013-2018," but suggest that the transition should occur in a coordinated fashion to minimize the risk of persistent OPV serotype 2 community circulation and cVDPV formation.
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